Abstract This study aimed to investigate the genes and pathways that respond to heat stress in Holstein bull calves exposed to severe ranges of temperature and humidity. A total of ten animals from 4 to 6 months of age were subjected to heat stress at 37°C and 90 % humidity for 12 h. Skin and rectal temperatures were measured before and after heat stress; while no correlation was found between them before heat stress, a moderate correlation was detected after heat stress, confirming rectal temperature to be a better barometer for monitoring heat stress. RNAseq analysis identified 8567 genes to be differentially regulated, out of which 465 genes were significantly upregulated (≥2-fold, P < 0.05) and 49 genes were significantly downregulated (≤2-fold, P < 0.05) in response to heat stress. Significant terms and pathways enriched in response to heat stress included chaperones, cochaperones, cellular response to heat stress, phosphorylation, kinase activation, immune response, apoptosis, Toll-like receptor signaling pathway, Pi3K/AKT activation, protein processing in endoplasmic reticulum, interferon signaling, pathways in cancer, estrogen signaling pathway, and MAPK signaling pathway. The differentially expressed genes were validated by quantitative realtime PCR analysis, which confirmed the tendency of the expression. The genes and pathways identified in this analysis extend our understanding of transcriptional response to heat stress and their likely functioning in adapting the animal to hyperthermic stress. The identified genes could be used as candidate genes for association studies to select and breed animals with improved heat tolerance.
Introduction
Heat stress (HS) is one of the major factors that cause a significant reduction in production and reproduction rates in Holstein cattle (West 2003) . Even though modification of the environment in farms can relieve the cattle from HS, the added costs involved in it together with increasing temperature due to global warming could lead to economic losses and will become a major issue for farmers around the world. The economic impact of HS on global livestock production is thought to be greater than $1.2 billion (Baumgard and Rhoads 2013) . Therefore, selection of animals genetically less affected by thermal stress may help to increase production throughout the hot season and the first step involved in this is to identify genes that specifically respond to HS. Traditional breeding programs have limitations in terms of collecting precise records for thermal states of individuals, and usually try to identify animals that are resistant to HS by measuring reduction in certain production traits as critical indicators of heat tolerance under high heat conditions (Kadzere et al. 2002; West 2003) . However, these indicators mask the actual effects of HS, and therefore, identification of genetic changes against environmental factors is necessary. Thus, a precise and efficient method of measuring heat tolerance on a genetic basis becomes important. Recent technologies with detection systems for causative genes and pathways under various experimental circumstances can help to identify target genomic regions, and it is possible to detect major genes and the Electronic supplementary material The online version of this article (doi:10.1007/s12192-016-0739-8) contains supplementary material, which is available to authorized users.
pathways they are involved in HS response in animals Sakatani et al. 2012) . Study of genetic factors for HS in dairy cattle should be valuable to evaluate the availability of genetically superior animals that can respond better to changing temperatures without any significant drop in production rate and also for identifying target genes and genomic region for breeding genetically superior animal with increased tolerance to HS. Animals respond to HS through an evolutionarily conserved process by modulating protein activation and differential gene expression (Lindquist and Craig 1988; Feder and Hofmann 1999; Kregel 2002) ; however, very little information is available regarding the complete set of genes that are influenced by HS because of the complex physiological actions of genes in vivo. Early studies had revealed that a genetic network of heat shock transcription factors is responsible for various responses to HS (Pirkkala et al. 2001; Page et al. 2006) . In addition, the central role of heat shock proteins (HSPs) has been described as protecting hyperthermia, circulatory shock, and cerebral ischemia during heat stroke (Lee et al. 2006 ). Gene expression profiling of blood provides an opportunity to clarify the response of the animal to heat stress on a global level, and moreover, it will result in identification of target genes that accurately reflects not only the physiological state of the animal but also the response of the animal through the activation of various cellular processes involving various cell types. This study aimed to identify and catalogue genes and genetic pathways that respond to heat stress in Holstein bull calves using RNA sequencing (RNA-seq) of whole blood and to categorize transcription factors (TFs) and genes that can be used as candidate genes for breeding animals with superior thermal tolerance.
Materials and methods

Animals
Experimental procedures were approved by the ethics and welfare committee of the National Institute of Animal Science (NIAS) in Korea. The animals registered in the national database were a product of the standard breeding program described in the guidelines provided by NIAS. Animals were fed a diet formulated to meet nutritional requirements according to National Research Council with 68 % total digestible nutrients (TDN), 15 % crude protein, and hay (Dactylis glomerata L.). During the heat stress treatment, water and fresh hay were provided ad libitum. A total of ten bull calves, which weighed an average of 126 ± 5 kg and were between 4 to 6 months of age were selected from the dairy cattle division at NIAS. The process used to select animals for this study focused on reducing variation in genetic backgrounds among individuals, and therefore, the animals used in the study were the progeny of three sires (Supplementary File 1). To normalize the environmental effects, animals were placed in an open barn for 3 days without any restrictions for hay and water consumption and behavior of individual animals was monitored. After finishing medical checks, the animals were placed in an environmentally controlled chamber at NIAS.
HS experimental setup
Before the experiment began, the environmentally controlled chamber was tested with increasing temperature and humidity around the targeted severe region. When animals were first placed in the environmentally controlled chamber in individual pens, the ambient temperature was 22°C with 60 % humidity at 18:00 hours on the day before experiment. The first setting of temperature and humidity was the same as the ambient temperature outside the building. The experiment was started at 35°C and 90 % humidity at 09:00 hours on the day of experiment. Temperature was increased linearly to minimize experimental heat shocks for 1 h to reach the target stressful regions, and the actual severe heat stress was begun at 10:00 hours. The intensity of stress, which was continued from 10:00 to 19:00 hours, was based on temperaturehumidity index (THI) level which was calculated as THI = (dry-bulb temperature,°C) + (0.36 dew point temperature,°C) + (41.2). The targeted severe stress range was set for the THI level 90 to 93, which corresponded to 35∼37.78°C and 75∼95 % humidity. The THI values leading to severe stress are shown in Supplementary File 2.
The skin temperature was measured every 1.5 h with a temp-gun (Hitachi, USA) on the left side of the shoulder and neck for a total of three measurements, maintaining a gap of approximately 60 cm between human and the animal to prevent any human influence on the skin temperature. In addition, rectal temperature was measured before heat stress (BHS) and after heat stress (AHS). To minimize experimental errors, two experts measured skin and rectal temperature, and they shared their data and points of measurement.
A total of eight video cameras were set to record animal behavior throughout the experimental periods. Since the animals were subjected to severe stress levels, we feared the animals might collapse during the experiment or might not drink sufficient water so staff members stood by to provide any assistance if and when any irregular animal behavior or unexpected situations arose and also to make sure the animals consumed water and feed. The blood samples were collected before the experiment began (09:00 hours) and at the end of the stress period (19:00 hours). Ten milliliters of blood samples was taken from the jugular vein and placed in 50-ml falcon tubes without anticoagulants and were labeled with the animal ID and immediately stored in liquid nitrogen. The reason for collecting blood at only two time points, i.e., before and after heat stress, was to avoid any stress that might be caused due to repeated drawing of blood.
RNA preparation and sequencing
The whole blood samples were transferred to the laboratory of the Animal Genomics and Bioinformatics Division of NIAS. Frozen blood (approximately 2 g) was homogenized and isolated using TRIzol Reagent (Invitrogen, USA), and the RNA was cleaned using the RNeasy Midi Kit (Qiagen, USA) with DNase digestions according to the manufacturer's guidelines. Integrity of the RNA was assessed using a 2100 Bioanalyzer and RNA 6000 Nano LabChip kit (Agilent Technologies, USA). Only RNA with a RIN value greater than 9.0 was used for library construction. RNA concentration was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, USA).
A library was constructed using reagents provided in the ILLUMINA TruSeq™ RNA sample preparation kit. The first step in the workflow involved purifying the poly-A containing mRNA molecules using oligo-dT-attached magnetic beads. The cleaved RNA fragments were reverse-transcribed into first-strand complementary DNA (cDNA) using reverse transcriptase and random primers. This was followed by secondstrand cDNA synthesis using DNA polymerase I and RNaseH (Invitrogene, USA). These cDNA fragments then went through an end repair process, with addition of a single A base and ligation of the adapters. The products were then purified and enriched with PCR to create the final cDNA library. The sequencing was carried out on an ILLUMINA HiSeq 2500 sequencer following the vendor's protocol. The library construction and sequencing were performed by Macrogen Inc. (Korea).
Data handling procedures
The analysis involved quality control, transcript assembly, abundance estimation, test for differential expression, and regulation of RNA-seq samples. FastQC (version v0.10.0) was used to check the quality of the raw sequence data from highthroughput sequencing pipelines. TopHat program (v2.0.11) and Bowtie2 (v2.1.0) were used to align the RNA sequences and to map the sequence. Aligned RNA-seq reads were assembled into a parsimonious set of transcripts. Cufflinks (v2.1.1) was used to estimate the relative abundance of transcripts based on how many reads supported each one, taking into account biases in library preparation protocols. Expression data was statistically analyzed in R. Functional annotation and pathway analysis was carried out using a combination of gProfiler (Reimand et al. 2016 ) and Gene Ontology (Ashburner et al. 2000) , and KEGG pathways (Kanehisa and Goto 2000; Kanehisa et al. 2015) implemented in ClueGO in Cytoscape v3.2 (Bindea et al. 2009) . A hypergeometric test with Benjamin and Hochberg false discovery rate (FDR) was performed using the default parameters implemented in ClueGO. Genes that were 2-fold upregulated or downregulated and P <0.05 were considered to be significantly differentially expressed. A text mining approach using eGIFT (Tudor et al. 2010 ) was also performed to understand the functional role of the DEGs from published abstracts (Sun et al. 2015) and to find out the cell types to which the DEGs belong. Animal Transcription Factor Database (Zhang et al. 2012 ) was used to indentify TFs, transcriptional cofactors, and chromatin modulators.
Real-time PCR validation
Quantitative reverse transcription PCR (qRT-PCR) was performed using gene-specific primers (Table 1 ) and the Fast SYBR green master mix (Applied Biosystems) on an ABI 7500 Real Time PCR system following the manufacturer's direction. A total of ten genes that were more than 2-fold differentially expressed were analyzed. ATP5B (ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide) and hydroxymethylbilane synthase (HMBS) were tested for use as endogenous controls. Primers for ATP5B were CATCG TGGCG GTCAT TGG and AATGG TCCTT ACTGT GCTCT C and for HMBS were TGCTT CCTCC TGGCT TCAC and GTTCC TACCA CACTC TTCTC TG. The expression of ATP5B and HMBS was checked for stability using GeNORM (http://medgen.ugent.be/%7 Ejvdesomp/genorm) against same concentration of RNA from different samples, and HMBS was found to be more stable between samples and was used for normalization of the expression data.
Results and discussion
In general, temperatures above the thermal neutral zone, which is significantly influenced by ambient temperature, wind and humidity, affect production, and reproduction rates of animals. Therefore, management techniques to protect animals from heat stress in hot seasons are necessary to minimize economic losses in farms due to heat stress. The physiological changes caused by heat are associated with phenotypic factors such as density and thickness of hair coat, sweat gland density, skin color, and length and color of hair (Olson et al. 2003; da Silva et al. 2003; Klungland and Våge 2003; Mariasegaram et al. 2007 ). Several environmental factors influence HS, one of the most important of which is air flow over the skin surface (Gebremedhin and Wu 2001; Olson et al. 2006 ). Thus, eliminating environmental variation around animals can help to characterize genes, which are specifically triggered in response to HS. As our study tried to fix environmental factors, the identified genes may be used as genetic indicators for selecting animals against heat stress.
Changes in skin and rectal temperature in response to heat stress
It has been reported that mild heat stress begins at a THI of 77 for dairy heifers (St-Pierre et al. 2003) . Therefore, in this study, in order to subject the animal to severe ranges of heat stress, a THI of 90-95 was set (Supplemental File. 1). The skin temperature was measured at four different time points, i.e., at 13:30, 17:25, 20:10, and 23:45 hours the day before subjecting the animals to HS in order to determine the changing patterns of body temperature under normal circumstances (Fig. 1a, b) . No tendency for increasing or decreasing skin temperatures were detected between 13:30 and 23:05 hours on the day prior to the HS experiment day. On the other hand, measurements of skin temperature on the day of the HS experiment showed increasing patterns for all individuals from 09:10 to 19:02 hours. The highest skin temperature was recorded in animal number 22 (approximately 38.5°C), whereas animal number 15 presented the lowest temperature (approximately 35°C) at 17:20 hours. Berman (2005) had reported that when the body temperature of animals reaches 35°C, it triggers and activates the responding system for heat stress in dairy cows. Rectal temperature was also elevated for all individuals from 09:10 to 19:02 hours (Fig. 1c, d ). Animal numbers 33, 36, and 31 showed rapidly increasing rectal temperatures, whereas animals 22, 35, and 34 showed little increment in temperatures between BHS and AHS. The animals 33 and 15 recorded the highest (41.3°C) and lowest (38.7°C) rectal temperatures, respectively, at 19:02 hours. A low correlation (r = 0.082) between rectal and skin temperatures was estimated at BHS (Fig. 1c) , whereas a moderate correlation (r = 0.445) was detected at AHS. In general, rectal temperature is a barometer for actual body temperature, as skin temperature is affected by the environment, but in order to avoid any stress due to physical insertion of a temperature probe inside the animal and since the experiment was carried out inside an environmentally controlled chamber, rectal temperatures were measured only at two time points. Skin temperature is considered as not a good indicator, due to various nonmeasurable factors that may cause low correlations between skin and rectal temperature. Umphrey et al. (2001) reported that skin temperature was lowly correlated with rectal temperature (r = −0.022) and respiration rate (r = − 0.086). However, in contrast to previous reports, we found a moderate correlation (r = 0.445) between skin and rectal temperature following heat stress (Fig. 1d) , suggesting that conducting the experiment in a controlled environment seems to have removed variables other than temperature and humidity leading to a moderate correlation in the skin and rectal temperature.
These results show that the increase in skin and rectal temperature were consistent with changes in environmental temperature. Though variance in skin and rectal temperatures for individual animals were detected, this was expected, as variation in body temperature may be due to physiological differences among individuals that are related to activities of glands (Olson et al. 2006) , or due to different genetic backgrounds, that adapt easily to new environments. These results showed that the body temperature had reached severe HS levels in all the animals.
RNA sequencing summary
The RNA-seq analysis showed that the total read bases and the total read pairs of the samples increased significantly except in animals 31 and 34 from BHS to AHS (Table 2) . Over 154 million reads were generated across 20 samples. The analysis identified 8567 genes (Supplementary File 3) to respond to heat stress, out of which 465 upregulated and 49 downregulated genes were identified as significantly differentially expressed (DEGs) (≥ or ≤2-fold and P < 0.05) (Fig. 2) . Hierarchical clustering (Fig. 3) of the DEGs showed that the samples clustered based on condition (heat vs control). 
Real-time PCR validation
The RNAseq transcriptome data was validated using quantitative RT-PCR analysis. The expression levels of ten genes were analyzed between control and heat stressed samples (Table 1 ). The analysis showed that the tendency of gene expression was concordant with the RNAseq result, though the absolute fold changes differed between qRT-PCR and RNAseq. A correlation (r 2 ) of 0.968 was yielded between the q-RT PCR ΔCT and LOG2FC value of the RNAseq analysis (Fig. 4) ; this was similar to what was observed in several other studies (Nagalakshmi et al. 2008; Core et al. 2008; Camarena et al. 2010; Sun et al. 2015) . Fig. 3 Hierarchical clustering of all the expressed genes before (BHS) and after (AHS) heat stress. Red corresponds to downregulated gene product, and green corresponds to upregulated gene product (color figure online)
Functional annotation and classification
The DEGs were then functionally annotated and grouped based on Gene Ontology (GO) terms. The top ten upregulated genes after heat stress, were predominated by genes belonging to heat shock transcription factors (molecular chaperones) (Supplementary File 3) . The top five upregulated genes were heat shock 70 kDa protein 1A (HSPA1A), heat shock 105 kDa/110 kDa protein 1 (HSPH1), heat shock 70 kDa protein 8 (HSPA8), DnaJ (Hsp40) homolog, subfamily A, member 1 (DNAJA1), and CDC-like kinase 1 (CDK1), while the top five downregulated genes were interferon-induced mitotic spindle organizing protein 2B (MZT2B), chromosome 28 open reading frame, human C10orf116 transmembrane (C10orf116), hemoglobin, mu (HBM), nucleoside diphosphate linked moiety X (nudix)-type motif 14 (NUDT14), and ybeY metallopeptidase (YBEY). The GO terms were enriched for biological process, molecular function, and cellular component. The DEGs were primarily located in the protoplast (42 %), organelle (27 %) and macromoleular complex (16 %). Most of the genes participated in metabolic process, catalytic activity, transcription factor activity, enzyme regulatory activity, protein binding, apoptotic process, response to stimulus, cellular process, and immune system process (Fig. 5) . A complete list of GO terms and the genes involved in them are given in the Supplementary File 4.
Heat stress resulted in the activation of heat shock factors and factors involved in protein folding
Heat is a proteotoxic stress and causes denatured proteins which can become cytotoxic by forming aggregates (Fink 1999; Liu et al. 2013 ). The function of many heat shock factors (HSFs) are to act as chaperones assisting in protein folding thereby avoiding protein aggregation (Lindquist and Craig 1988; Hightower 1991; Moseley 1997 ) which results in protein homeostasis during cellular response to HS. In all, 20 genes encoding molecular chaperones were upregulated in response to HS (Table 3) . These included members of HSP70 family (HSPA1A, HSPA4, HSPA5, and HSPA8) and subfamily HSP110 (HSPH1), HSP40 (DNAJA1, DNAJB1, DNAJA2) family. HSP40 regulates the ATPase activity of HSP70 by interacting with the J domain of the HSP70 proteins. These genes also confer thermo-tolerance to cells on exposure to HS (De Maio 1999) . Two members of the HSP90 family was also upregulated (HSP90AB1, HSP90AA1) and so was cofactor AHSA1 which interacts with HSP90AA1 as an activator, while the HSP90s assists in protein folding and protein stabilization (Panaretou et al. 2002) . STIP1, a member of HSP70-HSP90 organizing protein (HOP) family which functions as a cochaperone that reversibly links together HSP70 and HSP90 protein chaperones (Odunuga et al. 2004) and prostaglandin E synthase 3 (PTGES3) which functions as a cochaperone, along with HSP90 were also upregulated. HS results in an increase in cytotoxic protein in the endoplasmic reticulum (ER), HERPUD1 which was found to be upregulated in this study functions in processing and degradation of these cytotoxic protein by participating in ER-associated degradation (ERAD) (Nogalska et al. 2006) . Foldases are required for protein folding (Nagradova 2007) ; they catalyze protein folding by isomerizing peptide bonds with peptidyl-prolyl 4 hydroxylase which results in rearrangement of disulfide bonds (Wilkinson and Gilbert 2004) ; in this study, protein disulfide isomerase family A member 3 (PDIA3) was found to be elevated in response to HS. PDIA3, also known as GRP58, localizes to ER, and it interacts with calnexin (CANX) to modulate the folding of newly formed glycoproteins; CANX was also found to be elevated in this study.
Looking at the function of these proteins, it looks like CANX, PDIA3, and HERPUD1 could closely interact in response to HS. Other than these, PTGES3, which is required for proper functioning of glucocorticoids and other steroid receptors (Freeman and Yamamoto 2002) , and TP53INP1, which positively regulates autophagy (Okamura et al. 2001) , were also upregulated. SERPINH1 a cochaperone which is involved in collagen biosynthesis was the least modulated chaperone (2-fold change) in response to HS, relative to the other chaperones reported above. A protein-protein interaction network analysis showed that the HSPs and cochaperones were strongly related and mostly coexpressed (Fig. 6 ). Several genes involved in the pathway for protein processing in the ER were also identified in this study to be differentially expressed (Fig. 7) . Though the activation of HSPs in response to heat stress is very well characterized, polymorphism in these genes could be associated with milk yield in lactating cattle Liu et al. 2011);  moreover, the expression of these genes could also be verified for their effect on milk yield in lactating cows in the hot season.
Heat stress regulates genes involved in immune response and immunity-related signaling pathways
Heat stress has a severe effect on the health of animals and compromises immune function (Strong et al. 2015) and has also been reported to lead to leaky guts in ruminants eliciting an inflammatory response (Kahl et al. 2015) . In all, 84 genes involving in immune response or immune-related response were differentially expressed in response to HS (Supplementary File 3) . HS or hyperthermia also results in hyperinsulinemia which results in the metabolic profile of HS subjected cattle to be similar to an immune stimulated system; this hyperinsulinemia is thought to be associated with an endotoxin, lipopolysaccharide (LPS), an abundant glycolipid of the outermembrane of gram-negative bacteria, taxol or Hsp60 (Asea 2008) . Increased levels of LPS has also been reported in several other heat stressed species like human, poultry, pigs, and rodents (Mani et al. 2012) . Heat stress has also been reported to lead to an increase in the expression of Toll-like receptors (TLRs) (Ju et al. 2014) especially with the increased expression of Hsp70 which specially binds to TLR2 and TLR4 and induces immunoregulatory effects such as cytokine and chemokine release by a process known as chaperokine activity. Several TLR genes were found to be 1.5-to 3-fold upregulated in this study; these included TLR1, TLR2, TLR3, TLR4, TLR6, TLR7, TLR8, TLR9, TLR10, out of which TLR7 was 3-fold upregulated. TLRs are generally grouped into two main groups based on the recognition of pathogen-associated molecular patterns (PAMPS) from invading agents: the first group comprises TLR1, TLR2, TLR4, and TLR6 and recognizes PAMPS from lipids; the second group consists of TLR3, TLR7, TLR8, and TLR9 that recognizes PAMPS from nucleic acids (Brikos and O'Neill 2008) . TLR signaling leads to the activation of innate and adaptive immunity. Moreover, HS was found to activate TLR signaling pathway (Fig. 7) with the expression of genes like CD80, CASP8, RIPK1, IFNAR2, and BIRC3 found to be elevated in response to HS. The TLR signaling pathway is known to be activated in response to HS (Eicher et al. 2004; Zhou et al. 2005) . Several interleukin genes such as NFIL3, IL8, and IL15 expressions were also increased in response to HS. TLR activation and dysregulation of cytokine expression in response to heat stress has been reported to lead to immunosupression and increased susceptibility to antigenic challenge in pigs (Ju et al. 2014) , suggesting that heat stress could make the animal susceptible to pathogens. Other than TLR signaling pathways, several other immune-related pathways (Supplemental 4) were also activated in response to HS; these included T cell receptor signaling pathway, B cell receptor signaling pathway, Fc gamma R mediated phagocytosis, ErbB signaling pathway, antigen processing and presentation, and some viral infection-related pathways like Herpes simplex infection pathway, Epstein-Barr virus infection, and several pathways involved in cancer and MAPK signaling pathways were also activated in response to HS (Fig. 7) . HSPs, while playing an important role in the stimulation of innate immunity through TLRs, also activates T cell and B cell lymphocytes Moré et al. 2001) ; moreover, HSPs can directly activate the adaptive immune T lymphocytes in a TLR2-dependent and TLR4-independent manner, while Hsp60 activates B cells via TLR4 recruitment (Zanin-Zhorov et al. 2003; Cohen-Sfady et al. 2005; Osterloh et al. 2008) .
Effect of heat stress on fertility through MAPK signaling pathway
Heat stress has been recognized as a leading cause for subfertility in farm animals due to sperm damage (Hansen 2009 ). MAPK signal transduction, which is activated in response to several environmental stressors, promotes the inhibition of cell growth and apoptosis (Wada and Penninger 2004) ; specifically, MAPK signaling pathway has been shown to be involved in heatinduced sperm damage (Rahman et al. 2014) . Eighteen genes belonging to the MAPK signaling pathways were differentially expressed ( Fig. 7 ) in response to HS; these included DUSP7, PPM1A, GRB2, PRKCB, JUN, CRK, and HSP90AA.
Several transcription factors, transcriptional cofactors, and chromatin remodeling factors involved in cell cycle inhibition and tumor suppression were activated in response to heat stress Thermal stress induces anomalies in cell function (Sonna et al. 2002) , which includes inhibition of protein synthesis, and defects in protein structure and elevated heat load will elicit changes at the level of transcription factors (Collier et al. 2008) . The effect of HS on transcriptional regulation of protein synthesis has been reported in several species (Buckley et al. 2006; Liu et al. 2013 ). Protein synthesis is regulated by transcriptional regulation, either by transcription factor binding or by changing the structure of chromatin by chromatin remodeling factors; the maintenance of chromatin structure is of vital importance for organismal homeostasis (Kokavec et al. 2007) , while transcriptional cofactors are required for activator-dependent or activator-regulated transcription and for transmitting regulatory signals between gene-specific activators and the transcriptional machinery (Thomas and Chiang 2006) . In this study, 31 TFs, 13 transcriptional cofactors, and 6 chromatin remodeling factors were found to be differentially expressed (Table 4) . Several TFs involved in the regulation of cell cycle such as ARID4A, ELF4, TFCP2, TFDP1, and HBP1 were upregulated while SPDEF was downregulated. ARID4A is involved in cell cycle arrest at G1/G0 stage by repressing the transcription of E2F-regulated genes by forming a complex with retinoblastoma protein, thereby regulating cell proliferation (Chen et al. 2003) . ELF4 encodes a protein that functions in the activation of IL3, IL8, PRF1, and CSF2 and in cell cycle arrest in naive CD8+ cells. The expression of TFCP2, which is involved in the regulation of cellular and viral promoters, cell cycle regulation, and also in cell survival (Santhekadur et al. 2012) was Fig. 7 A network map of pathways significantly enriched after heat stress. The nodes are the pathways, and edges connect the genes involved in the pathway elevated, while SPDEF, which encodes a ETS family TF and functions in the activation of an androgen-independent transactivator of prostate-specific antigen (PSA) promoter and is strongly correlated with the development of several types of tumor, was found to be downregulated in response to HS. The expressions of several TFs, such as SMAD4, STAT3, IRF2, HBP1, ELF4, and ARID4A, involved in tumor suppression were also elevated. Moreover, cofactors such as RBL2, SETD8, and RNF2 which plays important roles in cell cycle inhibition were also significantly upregulated. Chromatin modifiers involved in epigenetic regulation of cell cycle such as HDAC2 and KDM3A (Lee et al. 2014) were also upregulated.
Apoptosis
Sixty-four genes involved in apoptotic processes were found to be differentially expressed in this study. The activation of HSF in response to thermal stress protects the cell from apoptosis, but when the stress is too strong or conversely, the failure to activate and maintain the protective response results in the activation of signaling cascades that ultimately results in cell death pathways (Perkins and Gilmore 2006; Weston and Davis 2007) . Apoptosis along with cell cycle arrest is a major mechanism by which tumor formation is inhibited (Li et al. 2012) . Taken together, the activation of several cancer pathways and the expression of the tumor suppressors, the cell cycle arrestors, along with the activation of such a large number of genes involved in apoptosis and the expression of large number of genes belonging to macrophage lineage (Table 5) suggests that severe cell anomaly and DNA damage has taken place due to thermal stress. Gu et al. (2014) recently showed that HS can induce apoptosis by activating p53-mediated mitochondrial pathways; three genes involved in p53 signaling pathway (CASP8, MDM-X, and CYCLIN G) were differentially expressed in this study. Several genes, such as FADD, CASP8, BRIC4, JUN, PI3K, and AKT3, which play a critical role in inducing apoptosis through TNF and PI3K-Akt signaling pathways, were also differentially expressed. Putative cell types which contributes to the gene expression changes
Blood is a complex mix of cells, and various cell types must be contributing to the gene expression changes observed in this study. An attempt was made to classify the cell types based on the expressed genes using a text mining approach (Sun et al. 2015; Tudor et al. 2010 ) ( Table 5 ). The result shows that most of the DEGs belonged to the lymphocytes, particularly B cell, T cell, and NK cell, followed by fibroblasts, monocytes, adipocytes, and hepatocytes. The increased expression of genes belonging to these cell types also suggest that their relative proportion in blood might have increased in response to heat stress; however, further studies are needed to validate this statement.
Conclusion
In this study, the effect of heat stress on Holstein bull calves has been examined by analyzing their transcriptome response to HS using RNAseq technology, and major biological process and pathways impacted by HS have been identified. We have also identified TFs that are impacted by HS. Three major response seems to be elicited in response to HS; initially, there is an elevated expression of chaperones and heat shock genes that acts to prevent protein aggregation and misfolding, thereby helping in cell survival; extracellular presence of HSPs triggers various immune system activation; and finally, the continued exposure to severe stress leads to expression of cell cycle arrestors, tumor suppressors, and genes involved in apoptotic processes to prevent tumorigenesis. The genes and TFs identified in this study can be used as candidates for improving thermal tolerance through breeding by markerassisted selection program, thereby avoiding the use of expensive cooling technologies and also minimize production loss due to raising temperature which will not only result in agricultural profitability but also improve animal well-being. B cell  ZAP70, RHOH, TCF3, CD38, LCP1, NFIL3, CR2, GPR183, TCF12, BIRC3, PTPRC, TRAF5, MS4A1   Lymphocyte  RHOH, MAT2B, CXCR4, TCF3, NFIL3, CD38, LEF1, DOCK10, CD80, WIPF1, IGJ, TAP1, CD69,  SLAMF6, CD3G, CR2, ZBTB7B, ELF1, IL15, TRAF5, IDO1, MS4A1, PTPRC, BCL10, CX3CR1, GIMAP4   T cell  PLCG1, TCF3, LAMP3, CD38, LEF1, ZAP70, CTSS, RHOH, IDO1, MS4A1, PTPRC, TCF12, ZBTB7B,  ELF1, CD80, IL15   Monocytes  CD80, IL15, TLR7, CXCR4, CD69, DNAJA1, CX3CR1  NK 
